ABSTRACT Collagen-hydroxyethylmethacrylate hydrogels were prepared by polymerizing monomeric hydroxyethylmethacrylate in the presence of various concentrations of soluble native collagen. The resulting transparent hydrogels were evaluated as substrata for growth of IMR-90 human embryonic lung fibroblasts. Without collagen no significant growth occurred, whereas a dose-response curve expressing maximal cell growth against collagen concentration could be constructed quite readily by the use of appropriate hydrogels. The method allows for quantification of the collagen contribution to cell growth and, in a more general sense, provides the foundation for a relatively easy procedure to probe mechanisms of cell adhesion and cell differentiation. Among the many synthetic polymers presently used as biomaterials are those known as hydrogels. The term "hydrogel" refers to a broad class of polymeric materials that are swollen extensively in water but that do not dissolve in water (1). They have been used in a wide variety of biomedical applications and may be synthesized from monomers or monomers mixed with polymers. Hydrogels are attractive as biomaterials; they are highly permeable to water, ions, and small molecules (1). Hydrogels such as poly(2-hydroxyethylmethacrylate) (HEMA) and other synthetic polymers are relatively nontoxic and well tolerated when implanted in vivo (2, 3) or when added to an actively metabolizing tissue-culture system (4-6).
ABSTRACT Collagen-hydroxyethylmethacrylate hydrogels were prepared by polymerizing monomeric hydroxyethylmethacrylate in the presence of various concentrations of soluble native collagen. The resulting transparent hydrogels were evaluated as substrata for growth of IMR-90 human embryonic lung fibroblasts. Without collagen no significant growth occurred, whereas a dose-response curve expressing maximal cell growth against collagen concentration could be constructed quite readily by the use of appropriate hydrogels. The method allows for quantification of the collagen contribution to cell growth and, in a more general sense, provides the foundation for a relatively easy procedure to probe mechanisms of cell adhesion and cell differentiation. Among the many synthetic polymers presently used as biomaterials are those known as hydrogels. The term "hydrogel" refers to a broad class of polymeric materials that are swollen extensively in water but that do not dissolve in water (1) . They have been used in a wide variety of biomedical applications and may be synthesized from monomers or monomers mixed with polymers. Hydrogels are attractive as biomaterials; they are highly permeable to water, ions, and small molecules (1) . Hydrogels such as poly(2-hydroxyethylmethacrylate) (HEMA) and other synthetic polymers are relatively nontoxic and well tolerated when implanted in vivo (2, 3) or when added to an actively metabolizing tissue-culture system (4) (5) (6) .
The implantation of a biological material such as collagen results in good tissue tolerance both in vivo (7) (8) (9) (10) (11) (12) (13) (14) (15) and in vitro (16) (17) (18) (19) (20) (21) . Collagen has been used in many biomedical applications such as in the dialysis membrane of an artificial kidney (7, (22) (23) (24) , an artificial corneal membrane (8, 9) , as vitreous body (10) (11) (12) , in skin and blood vessels (13, 14) , and as a surgical hemostatic agent (15) . In 1969, Chvapil et al. . (25) described good tissue tolerance in vivo of a collagen-hydrophilic polymer that they had constructed from a calf-hide collagen sponge immersed in HEMA monomer, allowing polymerization to occur on the sponge surface. They attributed the biocompatibility of this material to the porosity of the sponge, which permitted the ingrowth of blood vessels. In 1977, Shimizu et al. (26) reported high tissue compatibility of laminar copolymers of bovine collagen and various synthetic polymers that they had constructed by applying plasma discharge and y-irradiation to effect crosslinkage between a layer of collagen coated onto a layer of synthetic polymer. More recent studies involving collagen-cell surface interactions have focused on the role of fibronectin (27, 28) .
In a study by Folkman and Moscona (29) , poly(HEMA) coating was used as a means of preventing fibroblast growth on standard tissue-culture flasks (Falconware). Similarly, a morphologic study of mouse fibroblasts grown on syntheticcoated coverslips found poly(methylmethacrylate) and other polymers to be unfavorable surfaces for cell adhesion and growth (30) . In the present communication, we have attempted to construct a collagen hydrogel copolymer, in which collagen is incorporated into the hydrogel structure by addition of the aqueous protein solution to aqueous monomer solution prior to free-radical-initiated polymerization of the mixture. This approach circumvents the problems inherent in bonding a layer of protein to a synthetic polymer. The growth patterns of human embryonic lung fibroblasts (IMR-90) in cell culture by use of poly(HEMA) polymerized in the presence of various concentrations of protein as the substrata for cell adherence and growth are described.. The nature and content of the substratum, which is responsible for initial cell adhesion and possibly cell growth, can be controlled. The effect of prior collagenase treatment of the protein hydrogel surface is examined as well.
In general, we believe that this system may well serve as a reasonable assay for evaluating the efficiency of several biological polymers, such as collagen, to support cell adhesion, growth, and even motility.
MATERIALS AND METHODS
Materials. Commercial HEMA was purchased from Aldrich (lot no. 030377); ammonium persulfate was purchased from Bio-Rad; bovine serum albumin and porcine pepsin were obtained from Sigma. Bacterial collagenase (Clostridium histolyticum) type I, which was purchased from Sigma, was further purified by Sephadex G-200 gel filtration as described by Peterkofsky (31) and assayed as described by Hu et (34, 35) . One milliliter of HEMA, 1.0 ml of ethylene glycol, 1.0 ml of H20 or buffer, 0.1 ml of 6% (wt/vol) ammonium persulfate, and 0.1 ml of 12% (wt/vol) sodium metabisulfite were added in sequence. After mixing, the resulting clear, viscous monomer solution was polymerized by heating for 2 vorable surfaces for support of fibroblast growth. Figs. 3 and 4 display the effect of varying concentrations of collagen in the gels as a function of maximal obtainable cell number. For convenience, we used a maximal cell number obtained regardless of the day it was maximal. This was necessitated by the observation that maximal cell number did not always occur on the same day in culture, as shown in Fig. 1 . The hydrogels that marginally support cell growth display cell "sluffing" earlier than those gels displaying maximal cell growth. The amount of collagen in the hydrogel preparation capable of supporting approximately 80% of maximal cell number observed was 16 3.04 Treatment of collagen hydrogels with purified bacterial collagenase eliminated cell growth. The cell number on these hydrogels was the same as the number of cells on hydrogels that contained no collagen. Morphologically, cells grown on the HEMA-collagen hydrogels that were incubated with collagenase appeared round and sparsely distributed, similar to cells grown on hydrogels without protein ( Fig. 2 A and C) . For comparative purposes, hydrogels that contained bovine serum albumin were used. Certain of these albumin-containing hy- Proc. Nati. Acad. Sci. USA 77.0980) 3.4 T drogels were treated with collagenase prior to incubation with the cells. Although these albumin hydrogels (Fig. 2D) (27, 28) . It has renewed interest in many laboratories to reinvestigate the relationships between cell and collagen interactions. A major shortcoming in such studies is the fact that one cannot readily quantify the collagen contribution to the system. This communication describes a simple procedure to produce a transparent, smooth plastic surface that supports cell growth and can be used to assess the collagen contribution to cell growth. By polymerizing monomeric HEMA in the presence of native collagen solutions of various concentrations, one can control the amount of protein added to the surface. An added feature of the system is that, as shown previously, poly(HEMA) does not support cell growth alone (29) . When cell growth is supported on such surfaces, the responsible agent for such growth must be the added collagen. From such studies a dose-response curve can be constructed expressing maximal growth of cells against collagen concentration. It becomes obvious from such studies (Fig. 1) cell density of the culture that is propagated on the surface. The actual number of collagen molecules per cell can be as low as 40-50 to approximately 10,000, depending on the orientation of the molecules at the cell surface. One legitimately might question the contribution that the cells themselves might make to the collagen content of the surface by producing their own collagen. In the studies described, the IMR-90 cells were grown without added ascorbate. Faris et al. (36) have shown that without added ascorbate the IMR-90 cells do not produce insoluble collagen. It may well be that when such studies are repeated in the presence of appropriate amounts of ascorbate the amount of collagen contained in the gels necessary for maximal growth will be less than the amount needed in the absence of ascorbate.
Although this present study describes the use of HEMAcollagen hydrogels to study fundamental aspects of cell growth and to a lesser extent cell adhesion, one could use this same system to examine more intricate aspects of adhesion, growth, and motility. As noted in the Results, the number of cells that initially adhered to the collagen-containing HEMA was slightly higher than the number of cells that adhered to the HEMA without collagen. Although these data are not sufficiently different to explain the effects of the collagen on the maximal cell growth obtained; it obviously plays an important role and is being considered at present. An additional advantage of these gels are their transparency; they allow one to evaluate the growth and behavior of cells through the microscope. Manipulation of the cells adhered to the surface is also feasible; transfer to other medium or to large surfaces would not require trypsinization, for example. Surfaces could well be constructed with other purified macromolecules and directed toward understanding cell differentiation and transformation. Fig. 2D shows phase-contrast micrographs of cells grown on bovine-albumin-containing gels. Although these studies are not completed, the cells do not appear as healthy as those grown on collagen, and growth was qualitatively much slower. In fact, the cells on the albumin-containing buttons never become confluent; yet, growth was better than on HEMA gels with no added protein.
By slight modification of the polymers (for example, by addition of other crosslinking agents or the use of copolymers), one could create surfaces that could be stretched so that mechanical stress on cells could be evaluated. By the procedure described in this paper we can incorporate different proteins, both soluble and insoluble, into the hydrogels, which then can be used to evaluate a variety of biological phenomena.
